Comparisons of the proteome of abortifacient Chlamydia psittaci isolates from sheep by two-dimensional gel electrophoresis identified a novel abundant protein with a molecular mass of 61.4 kDa and an isoelectric point of 6.41. C-terminal sequence analysis of this protein yielded a short peptide sequence that had an identical match to the viral coat protein (VP1) of the avian chlamydiaphage Chp1. Electron microscope studies revealed the presence of a 25-nm-diameter bacteriophage (Chp2) with no apparent spike structures. Thin sections of chlamydia-infected cells showed that Chp2 particles were located to membranous structures surrounding reticulate bodies (RBs), suggesting that Chp2 is cytopathic for ovine C. psittaci RBs. Chp2 double-stranded circular replicative-form DNA was purified and used as a template for DNA sequence analysis. The Chp2 genome is 4,567 bp and encodes up to eight open reading frames (ORFs); it is similar in overall organization to the Chp1 genome. Seven of the ORFs (1 to 5, 7, and 8) have sequence homologies with Chp1. However, ORF 6 has a different spatial location and no cognate partner within the Chp1 genome. Chlamydiaphages have three viral structural proteins, VP1, VP2, and VP3, encoded by ORFs 1 to 3, respectively. Amino acid residues in the X174 procapsid known to mediate interactions between the viral coat protein and internal scaffolding proteins are conserved in the Chp2 VP1 and VP3 proteins. We suggest that VP3 performs a scaffolding-like function but has evolved into a structural protein.
Chlamydiae are obligate intracellular bacteria that have a unique developmental cycle. Infection is initiated by attachment of the elementary bodies (EBs) to a susceptible host cell. Following uptake, EBs differentiate into the replicative form of the organism, the reticulate bodies (RBs); these grow and divide within a specialized intracellular cytoplasmic vacuole known as an inclusion. Thus, RBs exist totally isolated from the extracellular environment. Given the limited opportunities for RBs to interact with other living bacteria, it would seem unlikely that chlamydiae would harbor bacteriophages. However, a number of different bacteriophages have been reported in association with chlamydiae (12) . Only one, chlamydiaphage 1 (Chp1), has been subjected to detailed molecular analysis. Chp1 was discovered by transmission electron microscopy (EM) of cells infected with C. psittaci isolated from an outbreak of ornithosis in ducks in England (20) . The phage replicates in the RBs of C. psittaci and is a 22-nm icosahedral virus with a buoyant density of 1.37 g/ml (20) . Unusually, Chp1 forms crystalline arrays within RBs, causing them to distend and preventing EB formation. A study using hyperimmune serum raised to purified Chp1 showed that infection of C. psittaci is common and probably an integral component of duck chlamydiosis (2) . Growth of Chp1-infected C. psittaci in cell culture can lead to the spontaneous loss of the phage infection with no evidence for a cryptic state (26) . Chp1 can infect other chlamydial strains, but its host range is restricted to avian C. psittaci (2, 3) . Preliminary molecular analyses of Chp1 showed that it has a single-stranded circular DNA genome of 4.8 kb (26) . Phage-infected chlamydiae contain double-stranded phage DNA that is thought to be the replicative form of Chp1. Hybridization studies with cloned DNA fragments of the Chp1 genome showed that the phage DNA does not integrate into the chlamydial chromosome, nor is it related to the cryptic plasmid found in many chlamydial strains. Polyacrylamide gel electrophoresis (PAGE) of purified Chp1 showed that it is composed of three major structural proteins, VP1, VP2, and VP3, with molecular masses of 75, 30, and 16.5 kDa, respectively.
The genome sequence of Chp1 is 4,877 nucleotides, and it encodes five major open reading frames (ORFs) (25) . These ORFs all start with an ATG codon that in each case is preceded by a ribosome binding site. N-terminal sequencing of purified VP1, VP2, and VP3 allowed respective ORFs in the genome sequence to be assigned. Phylogenetic analyses and database searches showed that Chp1 is distantly related to the well-characterized Escherichia coli bacteriophage X174, which is the prototype virus of the family Microviridae. The similar physicochemical properties and genome organization of Chp1 and X174 suggest that these bacteriophages evolved from a common ancestor (25) . A related phage (13) has been isolated from the guinea pig inclusion conjunctivitis strain of C. psittaci, but molecular details of this phage have not been published (14) .
Recently, the complete genome sequences for C. trachomatis and C. pneumoniae have been determined (15, 24) ; these achievements are significant milestones in chlamydia research and provide a key resource for studying chlamydial biology. However, progress in understanding protein-function relationships in chlamydiae has been severely hampered by the absence of a method for manipulating the chlamydial genome. Attempts to construct vectors for chlamydiae using the cryptic plasmid have not led to the development of a cloning vector or a reproducible method for producing stable chlamydial trans-formants (18, 27) . In E. coli, X174 replicative-form (RF) DNA was developed as an early cloning vector (1). Thus, as an alternative approach we are interested in investigating the biology of chlamydiaphages and evaluating their potential as cloning vectors for chlamydiae. We describe the discovery and characterization of a bacteriophage (designated chlamydiaphage 2 [Chp2]) from a C. psittaci strain infecting sheep.
MATERIALS AND METHODS
Cells and chlamydiae. BGMK cells were grown in six-well trays in Dulbecco modified Eagle medium supplemented with 10% (vol/vol) fetal calf serum. Cells were infected with C. psittaci MA (carrying Chp2) by centrifugation at 1,000 ϫ g for 1 h in medium containing cycloheximide (1 g/ml) and gentamicin (25 g/ml). After 72 h, the infected cells were scraped off and pelleted at 100,000 ϫ g 2 h. The cell pellet was resuspended in phosphate-buffered saline (PBS) diluted 1/10 in water. The suspension was homogenized for 6 min and then centrifuged at 170 ϫ g to remove cell debris. The bacteriophage-infected EBs remained in the supernatant.
Source and identification of phage. Chp2 was discovered in an ovine abortifacient strain (MA) of C. psittaci isolated in Macedonia. In initial studies, this strain was propagated in cycloheximide-treated McCoy cell monolayers, and EBs were purified by centrifugation through a discontinuous gradient of Gastrografin (Schering, Berlin, Germany) as previously described for proteomic studies. Highresolution two-dimensional gel electrophoresis of EB proteins was performed using the Immobiline-polyacrylamide system (4, 10) . Approximately 1 mg of total EB was pelleted by centrifugation and resuspended in 8 M urea-4% CHAPS {3-[(3-cholamidopropyl) dimethylammonium]-1-propanesulfate}-40 mM Tris base-65 mM dithioerythritol-bromophenol blue. An aliquot (0.3 to 0.4 mg) of this suspension was loaded on a preswollen nonlinear (pH 3 to 10) IPG buffer strip (Pharmacia, Uppsala, Sweden) and run at 110 kV/h using a Multiphor II electrophoresis apparatus (Pharmacia). This procedure was repeated twice. After the last aliquot was loaded electrophoresis was performed for a further 24 h at 5 kV. The total run was 300 kV/h. After electrophoresis, the IPG strip was equilibrated for 15 min in 6 M urea-30% (wt/vol) glycerol-2% (wt/vol) sodium dodecyl sulfate (SDS)-0.005 M Tris-HCl (pH 6.8)-2% dithioerythritol. Electrophoresis in the second dimension was performed on a 7 to 16.5% polyacrylamide linear gradient gel at 40 mA at 20°C. The gel was fixed (two 30-min reactions) in 50% methanol-10% acetic acid-40% H 2 O and stained with amido black (0.003% in 45% methanol-10% acetic acid-45% H 2 O). The calibration of the gel was performed with human serum proteins run in a parallel gel. Proteins under study were excised, rinsed thoroughly with H 2 O, dried by vacuum centrifugation, and transferred to a polyvinylidene difluoride membrane. N-terminal sequencing (Applied Biosystems 473A sequencer) was unsuccessful; therefore, the protein was digested with 0.4 g of endoprotease (Lys-C, sequencing grade) in 0.1 M Tris-HCl-0.03% SDS (pH 8.6) at 35°C for 18 h. The resulting peptides were separated by high-pressure liquid chromatography on DEAE-C18 columns using an acetonitrile-0.1% trifluoroacetic acid gradient and sequenced.
EM. C. psittaci strain MA infected by Chp2 was fixed in 1% formalin in PBS for 30 min at room temperature. Chlamydiae and bacteriophage Chp2 were adsorbed onto a Formvar-coated carbon grid for 2 min, then negatively stained with 0.75% phosphotungstic acid (pH 6.0) for 10 s, and air dried.
Bacteriophage replication within chlamydiae was analyzed by thin-section EM. BGMK cells were infected with C. psittaci MA in six-well trays as described above. After 48 h, monolayers were fixed in 3% glutaraldehyde in 0.1% cacodylate buffer (pH 7.4) for 4 days at room temperature. Infected cells were scraped off, pelleted by centrifugation at 18,000 ϫ g for 10 min, rinsed in 0.023 M sucrose in 0.1 M cacodylate buffer, postfixed in 2% osmium tetroxide in 0.1 M cacodylate buffer, en bloc stained with 2% aqueous uranyl acetate, and dehydrated in alcohol. Thin sections (60-to 90-nm gold) were cut from Spurr resin and stained on the grid with Reynolds' lead citrate. Negatively stained and thin-section grids were examined in a Hitachi 7000 electron microscope.
Purification and cloning of Chp2 RF DNA. The double-stranded RF DNA of Chp2 was purified from approximately 10 9 phage-infected EB suspension using a Plasmid Mini kit (Qiagen, Crawley, United Kingdom). The phage RF DNA was eluted with 50 l of water and analyzed by agarose gel electrophoresis. Chp2 RF DNA has a unique BamHI restriction site; thus, Chp2 RF DNA was linearized by digestion with BamHI and ligated into the BamHI cloning site of the plasmid pSP73 (Promega, Southampton, United Kingdom). The ligation mix was used to transform E. coli DH5␣, giving rise to recombinant strain pChp2. Sequence determination of Chp2. Purified RF DNA was digested with restriction endonuclease HaeIII or RsaI (Promega) and ligated into SmaI-digested and dephosphorylated pSP73 (Promega). The recombinant plasmids were used to transform E. coli DH5␣. Analysis of the inserts from these recombinant plasmids allowed the rapid accumulation of sequence data from which a set of custom oligonucleotide primers were designed. The PCR amplification was performed in a Tetrad Peltier thermal cycler (MJ Research, Watertown, Mass.) and consisted of 30 cycles of 94°C for 15 s, 50°C for 15 s, and 72°C for 40 s, using Bio-X-act polymerase (Bioline, London, United Kingdom) in a reaction volume of 50 l containing 25 mM TAPS [tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid and sodium salt, pH 9.3 (at 25°C)], 50 mM KCl, 2 mM MgCl 2 , 1 mM ␤-mercaptoethanol, and 200 M each dATP, dGTP, dTTP, and dCTP. PCR amplicons (1.0 to 1.6 kb) covering the entire genome of Chp2 were generated using the following five primer pairs: 3503 Chlamydial DNA. For DNA extraction, the Chlamydia strains listed in Table  1 were grown in BGMK cells in Dulbecco modified Eagle medium supplemented with 10% (vol/vol) fetal calf serum and cycloheximide (1 g/ml). Infected cells were harvested 48 to 72 h postinfection by scraping off monolayers and pelleting by centrifugation at 3,300 ϫ g. The infected cell pellet was suspended in PBS and vortexed with 4.0-mm-diameter glass beads for several minutes to release the chlamydiae. Cell debris was removed by centrifugation at 170 ϫ g for 5 min. Chlamydiae were pelleted from the supernatant at 20,000 ϫ g, washed in PBS, then suspended in 50 mM EDTA, and digested for 1 h at 37°C with proteinase K (200 g/ml). DNA was prepared from the digest by using a Wizard Genomic DNA purification kit (Promega).
Hybridization studies. A recombinant E. coli strain carrying the complete Chp1 RF DNA cloned by the unique KpnI site in plasmid pUC9 (pChp1) and was used as the source for preparing probe DNA. Probe DNAs were prepared by digestion of plasmids pChp1 and pChp2 to completion with restriction endonucleases KpnI and BamHI, respectively. Following separation from their cloning vectors by agarose gel electrophoresis, the Chp1 and Chp2 genomes were purified using a Qiaquick purification kit (Qiagen).
32 P-labeled probes were prepared from 60 ng each of Chp1 and Chp2, using a Prime-a-Gene labeling kit (Promega) in a reaction volume of 50 l. The labeling reaction was terminated by heating to 95°C for 2 min followed by rapid cooling on ice. EDTA was added to give a final concentration of 20 mM. The labeled DNA probe was separated from any unincorporated [ 32 P]dCTP by centrifugation at 800 ϫ g for 5 min through Sephadex G-50 (Pharmacia) in a spin column (Promega) equilibrated in water. The eluate containing the labeled DNA was used for Southern blot analysis.
Samples of DNA for probing were run on a 1% agarose gel in Tris-borate-EDTA buffer (89 mM Tris, 89 mM boric acid, 50 mM EDTA [pH 8.0]) at 36 V for 20 h and blotted onto a positively charged nylon membrane (Boehringer, Mannheim, Germany) using a vacuum blotter (LKB2016 Vacugene blotting system). Prior to transfer, the gel was depurinated in 0.25 N HCl, denatured in 1.5 M NaCl in 0.5 M NaOH, and neutralized in 2.0 M NaCl in 1.0 M Tris (pH 5.0). DNA was transferred in 20ϫ SSC buffer (3 M NaCl, 0.3 M sodium citrate [pH 8.0]). The membrane was rinsed in 2ϫ SSC, baked for 1 h at 70°C, and used for Southern blot analysis.
Nucleotide sequence accession number. The complete nucleotide sequence of the Chp2 genome is deposited in GenBank/EMBL under accession no. AJ270057. this sequence showed an identical match to the largest structural protein (VP1) of the avian chlamydiaphage Chp1, indicating that the ovine MA strain of C. psittaci was infected with a related bacteriophage. To find direct evidence for the presence of this bacteriophage, we grew the ovine C. psittaci strain MA in BGMK cells and observed the culture supernatant directly under EM after negative staining. Typical clusters of small featureless bacteriophages 25 nm in diameter were observed, some of which had characteristic stain-penetrated centers (Fig. 1) . The bacteriophage (Chp2) occurred in groups and in crude cell extracts, attached to the surface of EBs (unpublished data). To investigate the morphology of the Chp2 within RBs, thin-section EM was performed on C. psittaci MA-infected BGMK cells in monolayers, which were fixed at 48 h postinfection when chlamydial inclusions were clearly visible by light microscopy. Within Chp2-infected inclusions, all RBs appeared to be darker than the uninfected counterparts (Fig. 2) . Furthermore, the Chp2 particles were easily visible in association with membrane structures found in close proximity to RBs. The bacteriophages were evenly distributed within RBs and did not occur as paracrystalline arrays.
RESULTS

Identification
Chp2 DNA. EM evidence confirmed the presence of a bacteriophage (Chp2) infecting the ovine C. psittaci strain MA. Chp2 appeared similar to a previously described bacteriophage, Chp1, isolated from avian (duck) C. psittaci strain N352. Chp1 is a member of the Microviridae and has a genome comprising single-stranded circular DNA. Chp1 replicates through a double-stranded DNA (dsDNA) intermediate RF that is also found in EBs (26) . Thus, to investigate Chp2 DNA, total DNA was extracted from purified Chp2-infected ovine C. psittaci strain MA EBs. Agarose gel electrophoresis of this DNA preparation revealed the presence of two extra DNA bands not seen in other ovine C. psittaci DNA preparations (unpublished data). The higher-molecular-weight band was extracted directly from EBs by a proprietary column binding method for purifying plasmid dsDNA. This material was digested with restriction endonucleases and had an approximate size of 4.5 kb when linearized, suggesting that it represented the RF DNA of Chp2. Thus, the dsDNA RF of Chp2 was used for subsequent cloning and sequencing studies.
The complete genome sequence of Chp2 was assembled using data obtained from sequence analysis of Chp2 RF DNA clones and overlapping PCR amplicons. Sequence analyses were performed for both strands. The double-stranded RF DNA of Chp2 is 4,567 bp with a nucleotide composition of A (28.6%), G (22.4%), T (30.4%), and C (18.6%).
Computer analysis predicted that the genome of Chp2 (Fig.  3) is organized into eight ORFs. ORFs 1 to 3, by analogy to Chp1, encode the viral structural proteins VP1, VP2, and VP3. ORFs 4 to 8 have been assigned following the ORF numbering system for the Chp1 genome (25) . One or two more proteins may be encoded, depending on the usage of the second start codons within ORF 2; however, only a single protein band has been observed for this protein following SDS-PAGE (unpublished data). In Chp2, five ORFs (1 to 4 and 8) are in the same reading frame. The locations of the ORFs are shown in Fig. 3 . No ORFs equivalent to Chp1 ORFs 4a, 5a, and 6 were identified. However, a new ORF (designated ORF 6), partially overlapping the start of ORF 2 and coding for a short peptide of 52 amino acids, was found in the Chp2 genome. Fig. 3 .
Database searches. Analyses of DNA and protein sequences were performed using the FASTA program to search GenBank and SWISSPROT databases. The predicted proteins of Chp2 share homologies with the proteins of Chp1 and the honeybee pathogen Spiroplasma melliferum phage 4 (SpV4). Pairwise alignment of cognate protein sequences using the program of Pearson and Lipman (19) shown in Table 2 indicated that VP1 of Chp2 shares sequence identity with VP1 of Chp1 (48.3%) and VG1 of SpV4 (33.4%). VP2 of Chp2 shares conserved features with VP2 of Chp1 (27.3% identity) and VG4 of SpV4 (23.1% identity). The protein encoded by ORF 4 of Chp2 also has sequence identity with proteins from both Chp1 (ORF 4 protein, 19.9%) and SpV4 (VG2, 23.1%). VP3 and proteins encoded by ORFs 5, 7, and 8 of Chp2 have significant sequence identities only with their counterparts in Chp1 (Table 2) .
Hybridization studies. Chp1 and Chp2 do not cross hybridize under the standard conditions used in this study. Probing DNA from ovine strains of C. psittaci isolated in the United Kingdom revealed no evidence for the presence of related bacteriophage infection.
DISCUSSION
In this report, we present the first description of a bacteriophage (Chp2) infecting an ovine strain of C. psittaci. Chp2, although similar in morphology to Chp1, appears to have a different cytopathic effect on RBs compared with Chp1. Transmission EM shows little difference in both the size and shape of Chp2-infected RBs compared with uninfected RBs at the same time point in the developmental cycle. This is in contrast to Chp1-infected RBs, which become enlarged and in which the chlamydiaphage accumulates as paracrystalline arrays. Chp2 is found in association with membranous material, indicative of a lytic infection.
Computer analysis of the circular Chp2 genome (4,567 nucleotides) showed the presence of eight ORFs which potentially code for 8 to 10 proteins, depending on the usage of second start codons within ORF 2. The genome organization of Chp2 except for the location of ORF 6 is very similar to that of Chp1. All predicted proteins of Chp2 share amino acid sequence identities with their counterparts of Chp1 except for ORF 6 (Table 2 ). ORF 6 is found in a different relative location within the genome (Fig. 3) . The viral coat proteins of Chp2 and Chp1 show the highest identity and are clearly related to the coat protein of SpV4. Homologies with the coat proteins of the Microviridae coliphages, X174, G4, and ␣3 (11, 16, 21) are considerably lower (20%). The SpV4 and X174 coat proteins display a major structural difference: in SpV4, a 71-amino-acid insertion loop forms "mushroom-like" protrusions at the threefold axis of symmetry (5) . An equivalent insertion loop is present in both Chp1 (25) and Chp2.
The presence of this elaborate threefold related structural motif coincides with the disappearance of the prominent fivefold related spikes formed by the G proteins of the coliphages. These prominent spikes are not readily apparent in electron micrographs of Chp1 (20, 25) and Chp2 (Fig. 1) at a theoretical (5). However SpV4 contains one structural protein, whereas the chlamydiaphage contain at least three. Although VP2 and VP3 of Chp1 and Chp2 share no similarities with the coliphage structural proteins, it may still be possible to attribute functions to these proteins. An autoradiograph of Chp1 structural proteins separated by PAGE (26) was digitized and analyzed using NIH Image. Assuming 60 copies of VP1 per virion, there are approximately 15 copies of VP2, which is consistent with VP2 being analogous to the coliphage DNA pilot protein (protein H). In common with the H proteins, VP2 is glycine rich; in addition, a search of the protein data banks indicated some similarity with the P22 DNA pilot protein, gp16. However, it is not clear whether this protein will be located at the threefold axis or at the fivefold axes of symmetry, as seen in the E. coli phage. With the disappearance of the fivefold spikes in the chlamydiaphage and SpV4, the process of DNA injection may now be a function of the mushroom-like protrusion found at the threefold axes. Analysis of the identity and function of VP3 may give insight into the evolution of viral scaffolding proteins. The 1:1 stoichiometry with VP1 is consistent with the stoichiometries observed for the coliphage major spike protein (protein G) or internal scaffolding protein (protein B). However, both chlamydiaphages and SpV4 appear to be spikeless. While the VP3s do not share amino acid sequence identity with the coliphage G proteins, there are intriguing homologies with the B proteins. There is approximately 20% homology in the first 120 amino acids, similar to that observed with the coliphage coat proteins (Fig. 4) . Although homology is low, amino acids that mediate internal scaffolding-coat protein interactions in the atomic structure X174 procapsid are conserved (Table 3) . These data are consistent with a hypothesis that VP3 has evolved to be a structural protein in the chlamydiaphages. Similar amino acid sequence homologies also exist between the coliphage B proteins and VP3 of SpV4 although in SpV4, VP3 would remain a scaffolding protein.
The chlamydiaphage ORF 8 encodes small basic proteins quite similar to the coliphage DNA binding protein (protein J), which is a structural component of the virion. The ORF 8 gene products have not yet been detected within the chlamydiaphage virions. However, the J proteins are relatively small and present in only 60 copies per virion, making detection difficult. The chlamydiaphage and coliphage proteins differ in the addition of hydrophobic COOH termini in the coliphage proteins. The hydrophobic COOH termini of the coliphage B and J interact with the same binding cleft within the X174 coat protein. Through competition, the J protein might directly mediate the extrusion of the B protein from the procapsid during DNA packaging (6) (7) (8) . If VP3 has evolved into a structural protein, it follows that the ORF 8 gene products would not have hydrophobic COOH termini.
There are no proteins in Chp1, Chp2, or SpV4 that share any homologies to the coliphage external scaffolding proteins (protein D), which is the most conserved protein of the coliphages in the Microviridae. Genetic and structural analyses suggest that the primary functions of the D proteins are the mediation of twofold interactions: the placement of spike protein pentamers on the coat protein, and the organization of the coat protein at the threefold axes of symmetry (6) (7) (8) . None of these functions may be required in the chlamydiaphage. First, these phage appear to be spikeless: the internal scaffolding protein FIG. 4 . Alignment of VP3 with coliphage internal scaffolding proteins. The amino acid sequence of the X174 internal scaffolding protein was aligned to the first 120 amino acids of VP3 from Chp1 and Chp2. Amino acid variations found in the internal scaffolding proteins of bacteriophages G4 and ␣3 which show identity to the Chp1 and Chp2 proteins are indicated in the outer lines. also mediates second, twofold interactions, which may be analogous to the case for VP3. Second, the extensive threefold insertions, found only in the chlamydiaphage coat proteins, may circumvent the need of an external scaffolding protein to organize this region. The functional roles assigned to many of the chlamydiaphage proteins can at this stage be only speculative. However, the discovery of a second chlamydiaphage (Chp2) showing significant sequence divergence in a host bacterial species that has an obligatory intracellular developmental cycle is both unexpected and surprising. Despite the nucleotide sequence diversity, major features of the chlamydiaphage genome remain conserved, and this information will help in developing the phage as a vector for chlamydiae.
